germplasm, both qualitative and quantitative, may be effective in providing at least partial control of soybean rust. A number of soybean genotypes have resistance to soybean rust, but few of these have been challenged with the recently recovered U.S. isolates. The objective of this study was to evaluate known sources of soybean rust resistance against U.S. isolates of P. pachyrhizi. Twenty-eight soybean genotypes that either contained known major-genes for resistance or had been reported as new sources of soybean rust resistance, along with two susceptible checks, were challenged with six P. pachyrhizi isolates collected in the U.S. All six isolates produced similar phenotypic reactions within each of the genotypes. Five genotypes, including the Rpp1 source and the isoline of 'Williams 82' with Rpp1, had no visible lesions. Eleven genotypes produced red-brown lesions with few uredinia, including the sources of Rpp2 and Rpp3, and the remainder had susceptible tan lesions, including the source of resistance for Rpp4. Uredinial counts from genotypes producing red-brown lesions on live and fi xed leafl ets showed significant variation in the number of uredinia with a genotype × isolate interaction. Uredinial counts from genotypes producing tan lesions on live and fi xed leafl ets showed signifi cant variation in the number of uredinia among genotypes, but there was no genotype × isolate interaction. There were signifi cant correlations (r = 0.8, P < 0.0001; and r = 0.4, P < 0.0001) between uredinial counts based on live and fi xed leafl ets within genotypes producing red-brown lesions and those producing tan lesions, respectively.
isolates of P. pachyrhizi (Bonde et al., 2006; Miles et al., 2008; Pham et al., 2009) . For example, when each of the known resistance sources (Rpp1-4) were challenged with three U.S. P. pachyrhizi isolates, PI 200492 (Rpp1) and PI 462312 (Rpp3) produced a diff erential response whereas PI 230970 (Rpp2) and PI 459025B (Rpp4) produced redbrown lesions (Pham et al., 2009) .
Along with single gene resistance, partial resistance to soybean rust has been described . This kind of resistance may be controlled by minor genes and may be expressed as reduced uredinial number and size, a longer latent period, and other components related to fungal reproduction. Latent period was identifi ed as an important component of partial resistance in wheat (Triticum aestivum L.) that reduced the rate of wheat leaf rust (caused by Puccinia triticina) epidemics (Parlevliet, 1979) . Recently, the average number of uredinia per lesion and average uredinial diameter were reported to be components of partial resistance in soybean rust and were a refl ection of the growth of the fungus in the host tissue (Bonde et al., 2006) .
Over the last decade, there has been a concerted eff ort to fi nd additional sources of resistance to soybean rust. Nearly the entire USDA germplasm collection was evaluated for resistance to P. pachyrhizi under controlled conditions . In addition, many of these sources were evaluated under fi eld conditions (Miles et al., 2008; Twizeyimana et al., 2008) . Some of these sources were evaluated under controlled conditions to three U.S. isolates collected in 2004 (Pham et al., 2009) . Since then, a collection of U.S. isolates has been assembled (Smith et al., 2007) and initial results reported (Paul and Hartman, 2008) . In this study, six isolates of P. pachyrhizi were used to challenge 30 soybean genotypes. Both qualitative assessments, based on the reaction type, and quantitative assessment, based on the number of uredinia per unit of inoculum in both live and fi xed soybean leafl ets, were used to assess resistance.
MATERIALS AND METHODS

Plant Materials
Thirty soybean genotypes were used in this study, including 'Williams 82' and 'Dwight,' which were susceptible checks . The remaining 28 genotypes had reported resistance to P. pachyrhizi. These included PI 200492 (Rpp1), PI 230970 (Rpp2), PI 462312 (Rpp3), PI 459025B (Rpp4), PI 547875 (an isoline of Williams 82 carrying Rpp1), TGx1740-2F, TGx1903-3F, and TGx1835-10E (breeding lines from International Institute of Tropical Agriculture [IITA] , Ibadan, Nigeria) (Twizeyimana et al., 2008) , a fi rst-generation genotype, MT-1, from PI 483218 × G. tomentella (Patzoldt et al., 2007) , SRE-B-15A and SRE-G-56F (Asian Vegetable Research and Development Center [AVRDC]) (Hartman, 1995) , 'UG-5' a source from Uganda (Twizeyimana et al., 2008) , PI 224268 and PI 227687 reported from Australia (McLean, 1979) , and other Plant Introductions reported as potential sources of resistance . Seeds of these genotypes were collected from AVRDC, IITA, and the USDA soybean germplasm collection center at Urbana, IL.
Isolates and Inoculations
Urediniospores from rust-infected leaves obtained from Florida, Illinois, Mississippi, South Carolina, and Texas (Table 1) in double-sealed bags in 2007 (APHIS Permit No. 73149) were collected using a vacuum-type spore collector (Barnant, Barrington, IL). Isolates were purifi ed and cultured as previously reported (Smith et al., 2007) . Urediniospores for each isolate were increased using detached leaves of Williams 82 (Twizeyimana et al., 2007) in tissue culture chambers (Conviron, Winnipeg, Canada) maintained at 20 to 23°C with 12/12 h light/dark.
Plants were grown in growth chambers (Percival Scientifi c Inc., Perry, IA) maintained at 20 to 24°C and 60 to 70% relative humidity with 12 h of light (300 μmol m -2 s -1 photosynthetically active radiation). Four plants per genotype per cell (8 by 8 cm) were planted in trays (52 by 26 cm) containing potting mixture mixed with 14-14-14 N-P-K osmocote fertilizer. Plants were watered daily as needed. Leafl ets were removed from 2-to 3-wk-old plants that had one to two trifoliolates, rinsed four to fi ve times in sterile distilled water, air-dried in a biological safety cabinet, and transferred with the lower leaf surface facing up to water agar medium amended with 6-benzylaminopurine (1.5% v/w) in plates (100 by 15 mm).
Urediniospores, collected separately for each isolate from previously infected detached leafl ets of Williams 82 using a vacuum spore collector, were suspended in sterile distilled water containing 0.01% (v/v) Tween20 in 15-mL tubes, counted using a hemocytometer, and adjusted as needed to a fi nal solution of 50 urediniospores per microliter. Each leafl et was inoculated with 20-μL (approximately 1000 urediniospores) of each isolate using diff erent pipette tips for each isolate. Three 20-μL inoculation drops were placed on each side of the leafl et midrib approximately equal distance from each other making a total of six inoculation sites per leafl et. Petri plates containing inoculated leafl ets on amended water agar were incubated for 12 h in a tissue chamber at 20 to 22°C in the dark. After dark incubation, plates were sealed with parafi lm and incubated at 20 to 22°C in a 12-hour light (380 μmol m -2 s -1 )-dark cycle.
Experimental Design and Evaluation
The experiment was a completely randomized design with three replications. There were 540 total experimental units based on a single leafl et from each of 30 genotypes randomly inoculated with six isolates in three replications on separate leafl ets. The entire experiment was repeated with only reaction type recorded in the repeat. There were signifi cant correlations (r = 0.8, P < 0.0001; r = 0.4, P < 0.0001) between uredinial counts based on live Sixteen days after inoculation, leafl ets were examined visually at each inoculation point with a stereoscope (Olympus Corp., Tokyo, Japan) at ×10 magnifi cation and assigned a reaction type of either immune (no uredinia formation), red-brown with uredinia, or tan. The number of sporulating uredinia per inoculation point was counted at ×100 magnifi cation.
After the live visual evaluation, leafl ets were transferred to petri plates containing a solution of absolute ethanol:acetic acid (3:1 vol:vol) for 24 h to fi x and remove the chlorophyll and other pigments from the tissue (Bonde et al., 2006 ). The leafl ets were then transferred to lactophenol for 24 h and stained in 0.1% cotton blue in lactophenol for 24 h. Leaves were washed with distilled water twice and stained uredinia were counted at ×100 magnifi cation.
Statistical Analyses
The data for those genotypes producing red-brown lesions and those producing tan lesions were analyzed separately. The data of uredinial counts per unit of inoculum from live and fi xed tissue were log-transformed after adding 100 to each number before running the analysis of variance in JMP 7 (SAS Institute, Cary, NC). Mean separation was done by calculating the LSD at P = 0.05 when treatment means were signifi cantly diff erent (P < 0.05) in the ANOVA. For the tables, nontransformed uredinial counts from live and fi xed tissue were presented. Pearson coeffi cient of correlation was calculated in JMP 7 between the uredinial counts in live and fi xed tissue.
RESULTS
All six isolates produced similar phenotypic reactions within each of the accessions. Five genotypes produced no visible lesions (PI 200492, PI 547875, PI 081765, PI 417089A, and UG-5), 11 produced red-brown lesions (PI 230970, PI 462312, PI 506764, PI 203398, PI 224268, PI 567039A, PI 605891A, PI 567046A, PI 467323A, PI 561377, and PI 227687), and 14, including the two susceptible checks and PI 459025B (the source of Rpp4), produced tan lesions.
Within the genotypes producing red-brown lesions, there was an interaction between isolate and genotype for the two variables, live and fi xed counts of uredinia (Table 2) . Four genotypes (PI 227687, PI 230970, PI 467323A, and PI 561377) produced more uredinia than none for one or more isolates (Table 3) . The other 12 genotypes did not have uredinial counts for both variables greater than none for all the isolates.
Within the genotypes producing tan lesions, there was no interaction between isolate and genotype for the two variables, and only genotypes produced a signifi cant source of variation (Table 2) . Six genotypes that produced and fi xed leafl ets within genotypes producing red-brown lesions and those producing tan lesions, respectively.
---------------------Red-brown lesions ---------------------
------------------------Tan lesions ------------------------ Live
DISCUSSION
For soybean rust resistance to be eff ective, knowledge of how resistance sources and known genes react to a wide range of isolates of P. pachyrhizi is important. In our study, there was no diff erential response among the genotypes when challenged with these six domestically collected isolates. Diff erential reactions were observed, however, when sources of resistance were challenged with 10 isolates, including three U.S.-collected isolates (Pham et al., 2009) . That study utilized isolates collected in the U.S. in 2004, the fi rst year that soybean rust was reported in the continental U.S. The isolates used in our study, although from a broad geographic area in the U.S., did not show this kind of variation and were not compared to the isolates collected in 2004 due to restrictions in transporting pathogens from a higher to a lower containment facility. The reason for this diff erence could be due to a small sampling size, a restriction in survival of some virulence types over others when the population is reduced to its overwintering subtropical locations, or selection of reduced variation in the process of purifying the isolates. The virulence pattern based on the four known genes in our study was not the same as that found in the 2004 isolates, indicating that these six isolates do not have a similar virulence profi le to the isolates collected in 2004. None of our isolates caused a susceptible reaction on PI 200492 (Rpp1), PI 230970 (Rpp2), and PI 462312 (Rpp3), while all isolates caused a susceptible reaction on PI 459025B (Rpp4). This diff ered from the diff erential response caused by the three 2004 U.S. P. pachyrhizi isolates on PI 200492 (Rpp1) and PI 462312 (Rpp3) and the resistant response produced by PI 459025B (Rpp4) (Pham et al., 2009) .
Our results indicate that the Rpp1 source of resistance in PI 200492 and its isoline was resistant to the six isolates of P. pachyrhizi. However, PI 200492 has been reported to produce an immune response, red-brown lesions, or tan lesions depending on the isolates used to challenge it (Bonde et al., 2006; Pham et al., 2009) . Diff erential responses of the sources of resistance for Rpp2, Rpp3, and Rpp4, were previously reported (Bonde et al., 2006; Pham et al., 2009 ) but were not found in our study. In the past, the immune reaction only was reported with Rpp1 with certain isolates of P. pachyrhizi, such as one from India (Bonde et al., 2006; Pham et al., 2009 ). In our experiment, this reaction was produced in those genotypes with Rpp1 (PI 200492 and PI 547875) and in other genotypes that may or may not have Rpp1.
In addition to the sources of resistance with known genes, a number of genotypes also had no or low uredinial counts. These included UG-5 and PI 417089A, which were reported to be useful sources of resistance in Nigeria (Twizeyimana et al., 2008) , and PI 224268 and PI 227687, which were reported immune in Australia (McLean, 1979) . The latter two genotypes were not immune in our test, although the counts of uredinia were relatively low.
Some of the genotypes we tested, such as PI 594538A, produced tan lesions despite being considered resistant in other tests using isolates collected from outside the United States (Chakraborty et al., 2009; Twizeyimana et al., 2008) . Some genotypes, like PI 567041A and SRE-G-56F that produced tan lesions, had lower live uredinial counts than the susceptible checks and counts not diff erent than some genotypes with red-brown lesions. This may be an indication that these genotypes have partial resistance. Partial resistance to soybean rust, one aspect of which is reduced sporulation, was previously reviewed . Reduced sporulation also has been used to classify partial resistance to rust in fl ax (Rashid and Bernier, 1991) . Other quantitative traits like latent period and uredinial size have been used to classify wheat lines for partial resistance to leaf rust (Rime et al., 2005) . For faba bean (Vicia faba L.) and soybean rust, uredinial numbers and not size were proposed to be better attributes for evaluating partial resistance (Bonde et al., 2006; Herath et al., 2001) .
When comparing uredinial counts in live and fi xed tissue, counts in fi xed tissue generally were greater, indicating that uredinia were not fully developed and may have sporulated in time or they were suppressed and were not going to sporulate. Even though the correlation between the two variables was signifi cant, the results between the two variables did not always show the same diff erences within a genotype. For example, among the genotypes with red- brown lesions, PI 561377 had greater fi xed uredinial counts than zero with all of the isolates but only had greater than zero with two isolates when live uredinia were counted. In addition, among the genotypes with tan lesions, Dwight and MT-1 were not diff erent from Williams 82 on the basis of live uredinial counts but had fewer fi xed uredinial counts than Williams 82. On the other hand, PI 459025B produced more live uredinial counts than Williams 82 but had less fi xed uredinial counts than Williams 82. Since the two variables, live versus fi xed uredinial counts, were not the same magnitude diff erence within each genotype, additional research is needed to evaluate how these variables interact over time. This is especially important when considering or defi ning attributes of partial resistance.
In conclusion, a diff erential response was not observed in our test that challenged 28 soybean genotypes with six U.S.-collected isolates of P. pachyrhizi. Many of the claimed rust resistant sources that we tested were not resistant in our test, indicating that these isolates contained virulence genes that were not observed when these genotypes were fi rst reported to be resistant to P. pachyrhizi. Additional screening of isolates over time and locations is needed to better understand the spectrum of virulence and diversity of the U.S.-collected isolates so that resistance screening and breeding programs may be more eff ective in developing lines with broad-based resistance.
